The large envelope (E) protein of flaviviruses is the viral surface protein that contains neutralizing epitopes. We have analysed the E protein of the West Nile (WN) flavivirus for neutralizing epitopes generated from linear segments of the protein; if effective, these might allow the synthesis of peptides suitable for vaccination. For this study we used the E protein and defined fragments thereof as antigens in rabbits. The sera thus obtained, containing antibodies to E protein as shown by Western blot analyses, were tested for neutralizing activity by the plaque reduction neutralization test. If the E protein used as antigen was reduced (the native E protein contains six disulphide bridges) and denatured the resulting antibodies did not consistently demonstrate neutralizing activity. These results show that the E protein of WN virus does not contain a linear segment that is able to induce neutralizing antibodies efficiently. Studies using denatured E protein fragments containing subsets of the intact disulphide bridges showed that the local covalent primary structure of the protein involved in each of the six bridges was also insufficient for inducing the synthesis of neutralizing antibodies. The complete E protein, with all six disulphide bridges intact, purified by preparative SDS-PAGE under the conditions used in our experiments could, however, induce the synthesis of neutralizing antibodies in rabbits. These data indicate that at least one complex epitope which is able to induce neutralizing antibodies is not completely denatured or can be reformed to some extent if the complete E protein has been subjected to SDS-PAGE without prior destruction of the disulphide bridges.
An Analysis of the Antibody Response against West Nile Virus E Protein Purified by SDS-PAGE Indicates that This Protein Does Not Contain Sequential Epitopes for Efficient Induction of Neutralizing Antibodies
By GERD WENGLER* AND GISELA WENGLER
Institut J~r Virologie, Justus-Liebig-Universitiit Giessen, D-6300 Giessen, F.R.G. (Accepted 5 December 1988)
SUMMARY The large envelope (E) protein of flaviviruses is the viral surface protein that contains neutralizing epitopes. We have analysed the E protein of the West Nile (WN) flavivirus for neutralizing epitopes generated from linear segments of the protein; if effective, these might allow the synthesis of peptides suitable for vaccination. For this study we used the E protein and defined fragments thereof as antigens in rabbits. The sera thus obtained, containing antibodies to E protein as shown by Western blot analyses, were tested for neutralizing activity by the plaque reduction neutralization test. If the E protein used as antigen was reduced (the native E protein contains six disulphide bridges) and denatured the resulting antibodies did not consistently demonstrate neutralizing activity. These results show that the E protein of WN virus does not contain a linear segment that is able to induce neutralizing antibodies efficiently. Studies using denatured E protein fragments containing subsets of the intact disulphide bridges showed that the local covalent primary structure of the protein involved in each of the six bridges was also insufficient for inducing the synthesis of neutralizing antibodies. The complete E protein, with all six disulphide bridges intact, purified by preparative SDS-PAGE under the conditions used in our experiments could, however, induce the synthesis of neutralizing antibodies in rabbits. These data indicate that at least one complex epitope which is able to induce neutralizing antibodies is not completely denatured or can be reformed to some extent if the complete E protein has been subjected to SDS-PAGE without prior destruction of the disulphide bridges.
Flaviviruses have recently been established as a separate virus family containing more than 60 viruses (Westaway et al., 1985) . Members of this family are major human pathogens, e.g. the viruses causing yellow fever, dengue, Japanese encephalitis (JE) and tick-borne encephalitis (TBE) (see Monath, 1985 for a review of flavivirus-induced diseases). Analyses of the immunological aspects of flavivirus infections have shown that the viral envelope (E) protein contains the epitopes that induce neutralizing antibodies (for recent reviews see Roehrig, 1986; Heinz, 1986) . We have studied the molecular biology of the replication of the West Nile (WN) flavivirus, which causes West Nile fever, a disease which is of significance in Africa, the Middle East and some other regions (see Monath, 1985 , for a review). We have determined the primary structure of the WN virus E protein (Wengler et al., 1985) , have identified the six disulphide bridges which are present in this protein (Nowak & Wengler, 1987) and have identified two regions within the native virus-associated E protein that are susceptible to proteolytic cleavage (Wengler et al., 1987) . A schematic representation of the WN virus E protein, which incorporates these data, is presented in Fig. 1 . With this knowledge we undertook to determine whether or not neutralizing antibodies could be induced in animals by using denatured E protein 0000-8653 © 1989 SGM segments as antigens. Should they prove effective, such segments would allow a relatively straightforward approach to the production of a vaccine, since it is possible to synthesize large peptides either chemically or by using recombinant DNA techniques. The immunogenic activity of such E protein segments in the denatured state would show that it is not necessary to prepare these molecules in a native conformation, thereby greatly simplifying the preparation of an immunogen. All proteins that were used as antigens were purified by preparative SDS-PAGE as previously described (Wengler et al., 1987) . Basically, the procedures used were as follows. Intact E protein was isolated by SDS-PAGE fractionation of purified WN virus, which had either remained untreated or had been treated with 2-mercaptoethanol (3~ v/v) before electrophoresis to reduce disulphide bridges. In some experiments the resulting thiol groups were blocked by carboxymethylation using iodoacetamide. In order to isolate E protein fragments, purified virus was incubated in the presence of trypsin followed by treatment with the protease inhibitor PMSF and by preparative SDS-PAGE. Two regions, designated a and b (Fig. 1) , of the native E protein are susceptible to tryptic attack. Four fragments tr fr 16, tr fr 28, tr fr 34 and tr fr 42 can be produced by complete or partial cleavage of the E protein. The amino acid sequences of these fragments and the manner in which they were isolated are described in detail in Fig. 1 . Proteins were eluted from the gel slices by electrophoresis using the procedure of Scheefers (1985) . It is important to note that the electrophoresis buffers used in this procedure did not contain SDS or any other detergent. The SDS-protein complexes which migrated out of the gel slices were collected in detergent-free buffer on a dialysis membrane. Free SDS molecules were not retained by the membrane and migrated into the cathode buffer reservoir. Free SDS and much of the SDS that was bound to the protein was therefore removed during this electrophoretic elution.
Antibodies were raised in rabbits using about 40 ktg of protein per animal in the presence of Freund's complete adjuvant as the first antigenic stimulation, followed by a second stimulation 3 weeks later containing the same amount of protein in the presence of Freund's incomplete adjuvant. Sera were prepared before antigenic stimulation and 3 weeks after the second stimulation.
The induction of antibodies was determined using blotted protein. Purified WN virus was treated with 2-mercaptoethanol and subjected to SDS-PAGE, followed by transfer of the proteins to a nitrocellulose membrane (Towbin et al., 1979) . Sera were used at dilutions of 1:200 and 1:2000 to detect blotted protein. A peroxidase-conjugated swine anti-rabbit antibody and 4-chloro-l-naphthol as substrate were used to detect bound antibody. After antigenic stimulation all sera detected exclusively E protein at both serum dilutions; no proteins were detected before antigenic stimulation (data not shown).
The plaque reduction neutralization test (PRNT) was performed as follows. Serum was diluted 10-fold in phosphate-buffered saline (PBS), incubated at 56 °C for 30 min and a serial Fig. 1 . Schematic description of the structure of the E protein of the WN flavivirus and of the E protein fragments used for induction of antibodies. (a) A detailed description of the E protein structure (see text for references). The amino acids are indicated using the two-letter amino acid code (Queen & Korn, 1984) except for the 12 cysteine residues, which are indicated by numbers. Seven hydrophilic regions predicted according to the procedure of Hopp & Woods (1981) are indicated by lines and numbers. The two long slender lines near the carboxy terminus indicate those regions which probably represent the transmembrane anchor segment. (b) Schematic representation of the protein, which allows identification of the sequence content of the E protein fragments used as antigens. After complete tryptic cleavage all E protein molecules are cleaved in regions a and b. After such cleavage, therefore, the fragments tr fr 16 and tr fr 28 can be isolated. After partial tryptic cleavage of WN virus the viral surface contains four types of E protein molecules: uncleaved molecules, molecules cleaved only in region a, molecules cleaved only in region b and molecules cleaved in both regions. From partially cleaved WN virus particles, therefore, two fragments can be isolated: fragment tr fr 42 containing the amino terminus of E protein and the carboxy terminus in region b, and tr fr 34 containing the residue isoleucine 155 in region a as the amino terminus (Wengler et al., 1987) and the carboxy terminus of the authentic E protein molecule. All E protein fragments used in the experiments reported here were prepared by preparative SDS-PAGE without prior reduction of disulphides. Each unique antigen represents an independent preparation of antigen using frozen purified WN virus as starting material. The 18 sera analysed were each obtained from different animals.
twofold serum dilution series was prepared using PBS containing 1 ~ (w/v) bovine serum albumin as the diluent. Eighty plaque-forming units of WN virus were then added, and after 30 min incubation at room temperature each sample was allowed to adsorb onto a BHK cell monolayer for 30 min at 37 °C followed by addition of an agar overlay and further incubation at 37 °C for 2 days. Plaques were counted after staining of surviving cells with neutral red.
Non-reduced and reduced complete E protein and E protein fragments with intact disulphide bonds were used as antigenic stimulants in rabbits. Determinations of neutralizing antibodies in the sera obtained using the PRNT are presented in Table 1 .
The following conclusions can be drawn from the data presented in Table 1 . (i) If the E protein had been reduced and denatured prior to use as the antigen, the resultant antibodies did not consistently demonstrate neutralizing activity (sera 1 to 6). Only a single rabbit (serum 4) produced antibodies which showed a detectable PRNT titre at the highest concentration of serum analysed. These data show that the E protein does not contain a linear peptide segment which, under the experimental conditions used, is able to induce, both efficiently and consistently, the production of neutralizing antibodies. If, on the other hand, the E protein had been denatured without reduction of disulphides bridges, the antibodies produced showed significant neutralizing activity (sera 11 to 14). These data indicate that at least one complex epitope able to induce neutralizing antibodies can be re-formed to some extent if the complete E protein used has been denatured without destruction of disulphides. Neutralizing activity of the sera from different animals inoculated with the same preparation of antigen can vary greatly (compare, for example, sera 13 and 14). It has been well documented that individual animals show great variations in their ability to recognize a single defined epitope (see Porter & Whelan, 1986 , for references). If only one or very few neutralizing epitopes have been renatured in the E protein containing all disulphides the variable abilities of the individual animals to recognize this renaturable epitope(s) might explain the observed variation in the titre of neutralizing antibodies. (ii) If the denatured E protein fragment tr fr 16 (sera 7 and 8), the denatured fragment tr fr 28 (sera 9 and 10), or the denatured fragment tr fr 34 (sera 15 and 16) is used as the antigen without prior reduction of disulphides, neutralizing activity cannot be detected. Since these fragments do contain all six disulphide bridges present in the E protein (Fig. 1) , this shows that the covalently bound primary structure containing each of them is not able to induce neutralizing antibodies. In addition, refolding of a neutralizing epitope was not observed in these fragments. Only in the tr fr 42 fragment (sera 17 and 18) could such refolding be detected. This fragment contains all six disulphides but has lost the carboxy-terminal part of the E protein including the putative membrane anchor segments (Fig. 1) .
The antigenic structures of the E protein of a number of flaviviruses have been studied intensively, especially by analyses of the interaction of monoclonal antibodies (MAbs) with the E protein (for reviews see Roehrig, 1986; Heinz, 1986) . These studies indicate that this protein contains at least three clusters of epitopes, two of which have epitopes that bind neutralizing antibodies. Recently amino acid residues 71 and 72 of the E protein of yellow fever virus have been identified by analysis of neutralization escape variants as part of an epitope that binds neutralizing antibodies (Lobigs et al., 1987) . The influence of denaturation of the E protein on its ability to bind MAbs has been studied in detail for the TBE flavivirus (see Heinz, 1986 ). The TBE virus belongs to a different subgroup of flaviviruses than WN virus (see Chamberlain, 1980 , for a review). Of the three epitope clusters, two (a and b) contain epitopes that bind neutralizing MAbs. Denaturation of the reduced and carboxymethylated protein irreversibly inhibits its ability to bind the neutralizing MAbs tested. Furthermore, it has been possible to isolate an E protein fragment containing epitopes of cluster b, denaturation of which is reversible if re-formation of disulphide bridges is allowed to take place during renaturation (Winkler et al., 1987) . The importance of disulphide bonds and a highly organized structure for the maintenance of the epitopes of the E protein have also been described for the JE virus which belongs to the same subgroup as the WN virus (Srivastava et al., 1987) . Our results which show that there is no linear protein segment present in the WN virus E protein which, under the experimental conditions used, efficiently and consistently induces neutralizing antibodies are in accordance with these data. A certain degree of refolding of the epitopes that induce neutralizing antibodies can be obtained in complete WN virus E protein molecules containing intact disulphide bridges and in a WN virus E protein fragment missing the carboxy-terminal anchor region but containing all of the protein disulphides intact. In the case of the TBE virusderived E protein, a proteolytic fragment of Mr 9000 has been isolated by preparative SDS-PAGE under non-reducing conditions. This fragment has been used effectively to induce neutralizing antibodies in mice (Heinz et al., 1984) . Thesefindings indicate that the size of the E protein fragments which contain neutralizing epitopes resistant to denaturation or which can refold after denaturation probably varies between different flaviviruses. The available evidence indicates that neutralizing epitopes on the E proteins of viruses belonging to the subgroup that contains WN and JE viruses refold efficiently only if all six disulphide bridges are intact. The data obtained for the WN virus E protein and the data discussed above indicate that E protein fragments which can fold into native three-dimensional structures might be appropriate for the development of an E protein-based vaccine, and that the size of these fragments may vary between different viruses. The data also indicate that the existence of intact disulphide bonds in these fragments is of great importance for the stability of the neutralizing epitopes.
